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In-Flight  Simulation  Results 
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1  ABSTRACT 

In  order  to  increase  survivability  and  max¬ 
imize  performance,  autonomous  vehicles  re¬ 
quire  the  development  of  algorithms  that 
fulfill  the  role  of  an  adaptive  human  pilot 
in  response  to  failures,  damage,  or  uncer¬ 
tain  vehicle  dynamics.  Hence,  the  guidance 
and  control  algorithms  implemented  on  au¬ 
tonomous  vehicles  must  be  able  to  react  and 
compensate,  whenever  possible,  for  failures 
so  that  their  impact  can  be  minimized.  In 
this  work,  an  adaptive  reconfigurable  inner- 
loop  controller  is  developed  for  a  modified 
version  of  the  X-40A  Space  Maneuvering  Ve¬ 
hicle.  The  purpose  of  this  inner-loop  control 
system  is  to  accurately  track  body-frame  an¬ 
gular  velocity  vector  commands,  while  auto¬ 
matically  reacting  to  and  compensating  for 
failures,  damage,  or  uncertain  vehicle  dy¬ 
namics.  The  combination  of  an  inner-loop 
reconfigurable  control  law  with  an  adaptive 
guidance  loop  and  trajectory  reshaping  algo¬ 
rithm  forms  an  integrated  adaptive  guidance 
and  control  algorithm.  In-flight  simulation 
results  of  the  reconfigurable  controller,  guid¬ 
ance  adaptation  logic,  and  trajectory  reshap- 
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ing  algorithm  are  shown  for  a  simulated  X- 
40A.  The  General  Dynamics  Total  In-Flight 
Simulator  research  aircraft  was  used  to  gen¬ 
erate  the  results.  The  flight  test  results 
shown  here  focus  on  reconfigurable  control 
by  investigating  the  inner-loop  behavior  for 
two  different  failure  modes. 

2  INTRODUCTION 

The  goal  of  dynamic  inversion  in  flight 
control  design  is  to  cancel  the  wing-body 
forces  and  moments  with  control  effector 
forces  and  moments  such  that  the  vehicle 
can  accurately  track  body-axis  rate  com¬ 
mands  generated  by  a  guidance  and  con¬ 
trol  interface.  The  reconfigurable  control  law 
developed  here  is  based  on  dynamic  inver¬ 
sion  with  explicit  model  following  coupled 
with  an  optimization  based  control  alloca¬ 
tor.  The  dynamic  inversion  control  law1  re¬ 
quires  the  use  of  a  control  effector  allocation 
algorithm,  because  the  number  of  control  ef¬ 
fectors  on  the  X-40A  exceeds  the  number  of 
controlled  variables  and  actuator  rate  and 
position  limits  must  be  enforced.  The  mod¬ 
ified  X-40A  used  in  this  project  has  6  con¬ 
trol  surfaces,  namely,  left  and  right  rudder- 
vators,  left  and  right  flaperons,  speedbrake, 
and  bodyflap.  The  speedbrake  and  bodyflap 
appear  on  the  X-40A’s  larger  cousin,  the  X- 
37,  however  they  are  not  present  on  the  orig¬ 
inal  X-40A.  Because  there  are  6  control  sur- 
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faces  and  only  3  axes  to  control,  it  is  pos¬ 
sible  that  the  desired  control  variable  rate 
commands  can  be  achieved  in  many  different 
ways  and  so  the  control  allocation  algorithm 
is  used  to  provide  a  unique  solution  to  such 
problems.2-3  To  complete  the  inner-loop, 
prefilter  blocks  are  designed  to  produce  the 
desired  closed-loop  dynamics.  In  this  work, 
an  explicit  model-following  prefilter  scheme 
is  introduced  so  the  inner-loop  bandwidth 
can  be  adjusted  by  modifying  the  bandwidth 
of  the  explicit  model  when  all  control  power 
is  exhausted  in  one  or  more  axes.  When  this 
situation  occurs,  known  as  axis  saturation, 
the  inner-loop  bandwidth  is  reduced  in  or¬ 
der  to  reduce  the  demands  on  the  actuators 
and  this  information  (bandwidth)  is  passed 
to  the  adaptive  guidance  loop.4  The  adap¬ 
tive  guidance  loop,  in  turn,  modifies  its  gains 
when  inner-loop  saturation  occurs  to  reduce 
the  demands  on  the  inner-loop.  When  the 
inner-loop  becomes  unsaturated,  the  band¬ 
width  is  increased  back  to  its  nominal  value. 

In  this  paper,  details  of  the  development 
of  the  inner-loop  reconfigurable  control  law 
for  the  X-40A  are  provided.  Section  3  dis¬ 
cusses  the  dynamic  inversion  controller,  Sec¬ 
tion  4  describes  the  control  allocation  algo¬ 
rithm,  while  the  prefilters  are  developed  in 
Section  5.  In-flight  simulation  results  are 
provided  in  Section  6,  while  conclusions  are 
presented  in  Section  7. 

3  DYNAMIC  INVERSION 

A  dynamic  inversion  control  law  is  devel¬ 
oped  for  a  modified  version  of  the  X-40A 
Reusable  Launch  Vehicle.  The  original  X- 
40A  utilized  four  aerodynamic  control  sur¬ 
faces,  namely,  two  flaperons  and  two  rudder- 
vators.  Unfortunately,  this  number  of  con¬ 
trol  effectors  limits  the  reconfiguration  ca¬ 
pabilities  of  the  vehicle.  In  order  to  pro¬ 
vide  more  redundancy,  a  speedbrake  and 
a  bodyflap  were  added  to  the  aerodynamic 
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model.  The  modified  X-40A,  with  six  con¬ 
trol  effectors,  provides  a  wide  range  of  recov¬ 
erable  failures. 

An  outer-loop  adaptive  guidance  system 
generates  body-frame  angular  velocity  com¬ 
mands  (jpdesi  Qdes  >  ^ de.s )  >  that  the  inner- loop 
control  system  attempts  to  track.  The  dy¬ 
namics  of  the  body-frame  angular  velocity 
vector  for  a  lifting  body  can  be  written  as 

w  =  f(u>,  P)  -f  g(P ,  8)  (1) 

where  u>  =  [p  q  r]T,  p,  q,  and  r  are  the  rolling, 
pitching,  and  yawing  rates,  respectively,  P 
denotes  measurable  or  estimable  quantities 
that  influence  the  body-frame  states,  and 
<5  =  (61,62,-"  ,6n)T  is  a  vector  of  control 
surface  deflections.  The  vector  P  contains 
variables  such  as  angle  of  attack,  sideslip, 
Mach  number,  and  vehicle  mass  proper¬ 
ties.  The  term  g(P,<$)  includes  the  con¬ 
trol  dependent  accelerations,  while  the  term 
f(u>,P)  describes  accelerations  that  axe  due 
to  the  base- vehicle’s  (wing-body)  aerody¬ 
namic  properties.  It  is  assumed  that  the 
mass  properties  of  the  X-40A  are  constant, 
thus,  the  time  derivative  of  the  inertia  ma¬ 
trix  can  be  set  to  zero,  i.e.,  i  =  0.  Then, 
Equation  1  can  be  written  as5 

(v  =  I  1(G5(u>,P,  S)  —  x  Iu>)  (2) 
where 

Qb(u>,  P ,6)  =  GwB(u>,  P)  -(-  G*(P,  6) 


In  Equations  2  and  3,  I  is  the  inertia  ma¬ 
trix  and  L,  M,  and  N  are  the  rolling,  pitch¬ 
ing,  and  yawing  moments.  In  Equation  3, 
Gwb(u>,  P)  is  the  moment  generated  by  the 
base  aerodynamic  system  (wing-body  sys¬ 
tem)  and  G<5(P,  S )  is  the  total  moment  vec- 


tor  produced  by  the  control  effectors.  There¬ 
fore, 

f(w,  P)  =  T~l[GtWB{u,  P)-wx  Iu>]  ,  . 
g(P,5)  =  I-1G5(P,<5)  W 

In  order  to  utilize  a  linear  control  alloca¬ 
tor,  it  is  necessary  that  the  control  depen¬ 
dent  portion  of  the  model  be  linear  in  the 
controls.  Hence,  an  affine  approximation  is 
developed  such  that 

G5(P,5)«G*(P)(S  +  e(P,<5)  (5) 

The  term  e(P,  5)  is  an  intercept  term6  for 
the  body-axis  angular  accelerations  which 
is  used  to  improve  the  accuracy  of  linear 
control  allocation  algorithms.  Using  Equa¬ 
tions  1,  4,  and  5,  the  model  used  for  the 
design  of  the  dynamic  inversion  control  law 
becomes 


the  mixed  optimization  linear  programming 
technique  of  Bodson.3 

To  begin  development  of  the  allocator,  let 
the  left-hand  side  of  Equation  7  be  defined  as 
ddes  and  denote  the  right-hand  side  of  Equa¬ 
tion  7  as  B<5.  Here,  dries  are  the  body-axis 
accelerations  that  must  be  produced  by  the 
control  effectors  and  B  is  the  control  effec¬ 
tiveness  matrix  defined  as 

r  dL  dL  dL  -i 


B  =  I1G(J(P)  =  I-1 
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The  following  mixed  optimization  problem 
can  be  posed,  which  solves  the  error  min¬ 
imization  problem  and,  if  sufficient  control 
authority  exists,  minimizes  the  difference  be¬ 
tween  the  control  effector  positions  and  a 
preferred  set  of  effector  positions  (control 
minimization  problem): 


u)  —  f(u>,  P)  -f  I-1Gi(P)d  +  I-1e(P,  S)  (6) 

The  objective  is  to  find  a  control  law,  that 
provides  direct  control  over  w,  so  that  u?  = 
u>des-  Hence,  the  inverse  control  law  must 
satisfy 

-  f(w,  P)  -  ryp,  S )  =  r1Gs(P)S  (7) 

Equation  7  provides  the  dynamic  inversion 
control  law  that  is  used  to  set  up  a  control 
allocation  problem. 

4  CONTROL  ALLOCATION 

Since  there  are  more  control  effectors  (6) 
than  controlled  variables  (3)  and  the  con¬ 
trol  effectors  are  restricted  by  position  and 
rate  limits,  a  control  allocation  algorithm  is 
necessary.  For  the  X-40A,  there  are  three 
controlled  variables,  namely,  roll,  pitch,  and 
yaw  accelerations,  while  there  are  six  control 
surfaces.  Hence,  a  control  allocation  scheme 
must  be  used  to  insure  that  Equation  7  is 
satisfied.  The  control  allocation  scheme  uses 


min  (||B<5  -  d ^  +  A  \\WS(6  -  SJWJ 

(9) 

subject  to 

5  <  3  <  6  (10) 

where  <5,  d  are  the  most  restrictive  lower 
and  upper  limits  on  the  control  effectors, 
respectively,  and  the  1-norm  is  selected  so 
that  linear  programming  techniques  can  be 
used  to  solve  the  problem.3  In  Equation  9, 
the  parameter  A  is  used  to  weight  the  er¬ 
ror  and  control  minimization  problems.  For 
this  work,  it  was  determined  that  A  =  0.01 
provided  good  error  minimization  while  still 
driving  the  control  effectors  to  the  preferred 
values  when  sufficient  control  authority  ex¬ 
isted.  The  most  restrictive  lower  and  upper 
limits  on  the  control  effectors  are  specified 
as 

d  min(<5[/ ,  S  -I-  5max  At)  /’1 1  ^ 

6  =  max(dL,  6  -  5maxAt)  ' 

where  6l,Su  are  the  lower  and  upper  posi¬ 
tion  limits,  S  is  the  last  control  effector  com¬ 
mand  from  the  control  allocation  algorithm, 
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5max  is  a  vector  of  rate  limits,  and  At  is  the 
timestep  or  control  update  rate. 

The  vector  5P  in  Equation  9  is  a  preference 
vector.  When  sufficient  control  authority  ex¬ 
ists  to  drive  the  norm  of  acceleration  errors 
to  a  sufficiently  small  value,  the  allocation  al¬ 
gorithm  will  attempt  to  minimize  the  differ¬ 
ence  between  the  actual  control  deflections 
and  dp.  The  preference  vector  is  taken  to  be 
the  pseudo-inverse  solution  so  that 

<S„  =  -c  +  +  Be) 

(12) 

where  c  is  an  offset  vector  and  W  is  a  diag¬ 
onal  weighting  matrix  of  the  form 

W  = 

diag[W<fRR  BF\ 

(13) 

The  elements  of  the  offset  vector  c  are  all 
zero  except  for  the  elements  corresponding 
to  locked  control  surfaces.  If  a  control  effec¬ 
tor  is  locked,  then  the  corresponding  entry  in 
c  is  set  to  the  negative  of  the  locked  location. 
Also,  W s  in  Equation  9  is  a  matrix  used  to 
weight  the  importance  of  driving  each  con¬ 
trol  effector  to  its  preferred  value.  Using  this 
preference  vector  allows  one  to  analytically 
represent  the  control  allocator  in  a  robust¬ 
ness  analysis  of  this  system  that  is  valid  as 
long  as  no  single  axis  is  saturated  and  the 
commanded  accelerations  are  feasible. 

One  last  point  to  consider  in  the  control 
allocation  paradigm  is  the  potential  for  slope 
reversals  in  the  individual  moment-effector 
relationships  on  this  vehicle.  Typically,  slope 
reversals  exist  near  the  maximum  or  min¬ 
imum  values  of  control  surface  deflection. 
This  can  create  problems  when  the  actua¬ 
tor  moves  into  non-monotonic  regions  of  the 
moment-deflection  curves,  where  it  is  possi¬ 
ble  for  the  effector  to  be  limited  to  an  unnec¬ 
essarily  restrictive  range  of  positions.  This 
phenomenon  is  a  direct  result  of  the  use  of 
a  linear  control  allocator.  Fortunately,  this 


situation  can  be  eliminated  by  ensuring  that 
the  moment  curve  is  monotonic  through¬ 
out  the  control  space,  which  can  be  accom¬ 
plished  by  pre-processing  the  aerodynamic 
data.  In  this  way,  the  problems  encountered 
with  slope  reversals  are  eliminated. 

5  EXPLICIT  MODEL  FOLLOWING 

The  inner-loop  flight  control  system  for 
the  X-40A  was  designed  so  that  the  closed- 
inner-loop  system  would  exhibit  a  decou¬ 
pled  first  order  response  to  body-axis  angu¬ 
lar  rate  commands.  An  explicit  model  fol¬ 
lowing  scheme  was  used  to  shape  the  closed- 
inner-loop  response  and  to  compensate  for 
modelling  errors  in  the  dynamic  inversion 
control  law.  The  desired  roll,  pitch,  and  yaw 
dynamics  are  described  by: 

^m(f)  _  Kbw 
Mcmd(s)  ®  d~  Afriu 

where  t om  denotes  either  the  desired  roll, 
pitch,  or  yaw  rate  response  of  the  explicit 
model  and  oJcmd  denotes  the  angular  velocity 
command  from  the  guidance  and  control  in¬ 
terface.  The  term  K ^  defines  the  nominal 
bandwidth  of  the  desired  dynamics.  The  sys¬ 
tem  is  designed  to  provide  perfect  tracking 
of  the  reference  model  when  the  dynamic  in¬ 
version  is  perfect.  Since  this  is  never  the  case 
in  practice,  error  compensation  elements  are 
used  to  mitigate  the  effects  of  inversion  er¬ 
ror.  If  the  inversion  is  perfect,  then  the  con¬ 
trolled  element  from  the  point  of  view  of  the 
explicit  model  following  structure  is  a  sim¬ 
ple  integrator.  From  block  diagram  algebra 
(see  Figure  1),  one  can  see  that  if  the  con¬ 
trolled  element  is  a  simple  integrator,  that  is, 
if  u>(s)  =  ^des(s),  the  u(s)/um(s)  transfer 
function  is  given  by: 

a>(s)  _  (Kp  +  Kpp)s2  +  Kps  +  Ki  ,  . 
s)~  (Kp  +  Vst  +  Kps  +  K,  {  ' 

which,  when  Kff  =  1,  results  in  a  double 
stable  pole-zero  cancellation  with  appropri- 
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Roll 

Pitch 

Yaw 

KbxUp=b 

*6*.  =3 

KbWr=b 

KPp  =  7 

KPa  =  10 

Kpr  =  7 

KIv=  20 

O 

t—H 

II 

£ 

KIr  =  20 

Kdv  =  -1 

KDa  =  -1 

Kdt  =  -1 

Appp  =  1 

Kffq  =  1 

Kfft  =  1 

Table  1:  Control  system  parameters  for  ex¬ 
plicit  model  following  control  system. 

ate  choices  of  Kp,Kj ,  and  Kp.  Then,  it  is 
easily  seen  that 

_c4l)  =  — (16) 

k’cmd(s)  S  +  Kfnu 

and  perfect  model  following  is  achieved. 

When  the  inversion  is  not  perfect,  the 
PID  network  attempts  to  drive  the  refer¬ 
ence  model  tracking  error  to  zero.  Table  1 
shows  the  gains  for  each  channel  of  the  ex¬ 
plicit  model  following  system.  These  gains 
were  selected  to  provide  acceptable  tracking 
performance  for  pulse  train  commands  in  all 
channels. 

5.1  INTEGRATOR  ANTI- WINDUP 
AND  REFERENCE  MODEL 
BANDWIDTH  ATTENUATION 

When  all  control  power  has  been  ex¬ 
hausted  in  one  or  more  axes,  axis  saturation 
has  occurred.  Control  effector  saturation  re¬ 
sults  when  one  or  more  control  surfaces  is 
moving  at  its  rate  limit  or  lies  on  a  position 
limit.  In  this  case,  control  effector  satura¬ 
tion  is  a  necessary,  but  not  sufficient,  con¬ 
dition  for  the  occurrence  of  axis  saturation. 
Axis  saturation  can  be  detected  through  an 
analysis  of  the  control  allocation  inputs  and 
outputs.  If  B<5  —  d<ies  ^  0  then  axis  satura¬ 
tion  has  occurred. 

When  an  axis  is  saturated,  all  control  au¬ 
thority  has  been  expended  and  tracking  er¬ 
rors  can  grow  large.  In  order  to  prevent 


the  integrator  in  the  explicit  model  follow¬ 
ing  prefilter  from  attempting  to  cancel  track¬ 
ing  errors  caused  by  axis  saturation,  an  in¬ 
tegrator  anti- windup  law  is  used  to  reduce 
the  magnitude  of  the  input  to  the  integra¬ 
tor.  The  integrator  anti-windup  vector  used 
in  this  design  is  given  by: 

law  =  K,iw(B<5  —  d^)  (17) 

where  Vi  aw  is  a  gain.  The  integrator  an¬ 
tiwindup  compensation  scheme  operates  on 
the  difference  between  the  output  of  the 
control  allocator’s  internal  model  of  the 
acceleration-deflection  relationship,  B5,  and 
the  desired  control  effector  induced  acceler¬ 
ations,  d<fes.  If  no  axes  are  saturated,  then 
B<5  —  dries  =  0  and  the  control  system  oper¬ 
ates  normally.  When  B<5  —  dries  i1  0,  at  least 
one  axis  is  saturated  and  the  state  of  the 
prefilter  integrator  is  reduced  by  the  anti¬ 
windup  signal. 

When  an  axis  saturates,  that  is,  when  at 
least  one  component  of  B5  —  dries  i1  0,  the 
inner-loop  control  system  becomes  degraded 
and  most  likely  will  not  be  able  to  track 
the  nominal  commands.  One  way  of  convey¬ 
ing  this  information  to  an  outer-loop  guid¬ 
ance  command  system  is  by  way  of  inner- 
loop  bandwidth.  Nominally,  the  inner-loop 
bandwidth  is  set  to  K^,  however,  when  axis 
saturation  occurs,  this  bandwidth  is  reduced 
to  avoid  overdriving  the  actuators.  The  law 
used  to  reduce  the  inner-loop  bandwidth  is 
as  follows:  for  all  three  axes,  the  input  to 
the  reduction  law  is  |B<5  —  dries  |  and  this  is 
passed  through  a  saturation  block  which,  for 
the  roll  channel,  is  defined  as 

Psat  = 

'  0  if  |B<5  -  dries  |p  <  0 
<  |B<5  drfes |p  i/  0  <  |B5  -  drieslp  <  1 

k  1  |B<5  —  dries  Ip  >  1 

(18) 

Similar  definitions  are  also  made  for  the 
pitch  and  yaw  channels.  Now,  the  modified 
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or  new  bandwidths  (A^,  A^)  are 

defined  by 

Kbwp  =  (^Psat  +  l)  Kbu>PrlBrn 

KbwQ  =  (~o^Qsat  +  l)  KbwQnom  (19) 

PbwR  =  ( JoPsat  +  1)  KbwRnom 

where  KbwPnorn,  P-bwQnorn,  KbwRnom  are  the 
nominal  bandwidths  which  were  set  to  5, 
3,  5  respectively.  Thus,  the  range  of 
bandwidth  for  the  roll  and  yaw  channels  is 
0.5  to  5  and  0.5  to  3  ^  for  the  pitch 
channel.  Figure  1  shows  the  complete  inner- 
loop  block  diagram  while  Figure  2  reveals 
the  bandwidth  modification  logic.  Displayed 
in  Figure  1  are  the  prefilters,  dynamic  in¬ 
version,  control  allocation,  and  the  integra¬ 
tor  antiwindup  scheme.  For  implementation 
in  a  digital  simulation,  all  continuous  time 
blocks  were  converted  to  equivalent  discrete 
time  blocks  using  a  Tustin  transformation. 

6  IN-FLIGHT  SIMULATION 
RESULTS 

The  complete  integrated  control  system, 
consisting  of  a  reconfigurable  inner-loop  con¬ 
trol  law,  guidance  gain  adaptation  con¬ 
troller,  and  trajectory  reshaping  algorithm 
were  tested  on  a  simulated  X-40A.  The  Total 
In-Flight  Simulator  (TIFS)  research  aircraft 
was  used  to  “mimic”  the  X-40A  as  closely 
as  possible.  In  this  section,  results  from  the 
flight  tests  will  be  presented  for  two  specific 
failure  cases. 

Under  ideal  circumstances,  the  transfer 
function  for  each  channel  of  the  inner-loop 
can  be  represented  by  a  first-order  lag  as 
shown  in  Equation  14.  For  the  roll  and  yaw 
channels,  K^w  =  5^  while  for  the  pitch 
channel,  Kbw  =  Some  of  the  data 

available  from  the  flight  tests  are  time  histo¬ 
ries  of  roll,  pitch,  and  yaw  rate  commands  to 
the  inner-loop  and  the  actual  roll,  pitch,  and 
yaw  rates  produced  as  outputs  of  the  inner- 
loop.  In  order  to  ensure  that  the  inner-loop 


is  working  properly,  the  roll,  pitch,  and  yaw 
rate  commands  were  filtered  by  an  ideal  ver¬ 
sion  of  the  inner-loop,  namely,  ^  for  the 
roll  and  yaw  channels  and  ^  for  the  pitch 
channel.  If  the  inner-loop  is  working  prop¬ 
erly,  then  these  ideal  responses  should  be 
nearly  equivalent  to  the  actual  roll,  pitch, 
and  yaw  rate  responses.  Plots  of  this  nature 
are  shown  for  representative  failure  cases. 
Also,  the  bandwidth  of  each  inner-loop  chan¬ 
nel  will  be  displayed. 

The  first  failure  case  considered  was  the 
bodyflap  stuck  at  5°.  This  failure  causes  a 
pitching  moment  to  be  applied  to  the  ve¬ 
hicle,  which  the  remaining  control  effectors 
must  counteract.  Figure  3  shows  the  ideal 
and  actual  roll,  pit'ch,  and  yaw  rates  for  this 
case  while  Figure  4  displays  the  bandwidths 
for  each  channel.  Clearly,  the  inner-loop  is 
working  as  expected  as  the  body-axis  rate 
commands  filtered  by  ideal  first-order  lags 
(traces  labelled  ideal)  are  nearly  equivalent 
to  the  body- axis  rates  produced  by  the  flight 
test  vehicle  (traces  labelled  actual).  In  this 
case,  none  of  the  three  axes  became  satu¬ 
rated  as  all  three  bandwidths  remain  at  their 
original  value  for  the  duration  of  the  flight. 

In  the  second  failure  case,  the  right  and 
left  rudder vators  are  locked  at  0°.  For  the 
X-40A,  the  ruddervators  are  by  far  the  most 
effective  aerodynamic  control  surfaces,  and 
thus,  this  type  of  failure  will  require  large 
amounts  of  control  deflections  from  the  re¬ 
maining  weaker  control  surfaces  to  compen¬ 
sate  for  the  loss  of  control  power.  Figure  5 
shows  the  ideal  and  actual  body-axis  rates 
while  Figure  6  displays  the  bandwidth  for 
each  axis.  Once  again,  the  inner-loop  is  op¬ 
erating  as  expected:  the  ideal  body-axis  re¬ 
sponses  are  equal  to  the  actual  body-axis 
responses.  Hence,  the  inner-loop,  from  an 
input/output  perspective,  looks  like  a  first- 
order  transfer  function.  In  terms  of  axis  sat¬ 
uration,  it  appears  that  the  roll  and  pitch 
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Figure  1:  Inner-Loop  Block  Diagram. 


Figure  2:  Bandwidth  Modification  Logic. 
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axes  are  rarely  saturated,  however,  the  yaw 
axis  is  saturated  regularly.  The  problem  here 
lies  in  the  fact  that  since  both  ruddervators 
have  failed,  the  flaperons  are  responsible  for 
both  roll  and  yaw  control  (the  bodyflap  and 
speedbrake  essentially  produce  only  pitching 
moments).  These  two  surfaces  alone  cannot 
simultaneously  produce  the  required  roll  and 
yaw  and  hence,  the  flaperons  become  rate 
limited.  When  rate  limiting  occurs,  the  yaw 
axis  component  of  B<5  —  ddes  7^  0,  the  band¬ 
width  modification  logic  reduces  the  band¬ 
width  of  the  yaw  channel,  and  this  informa¬ 
tion  is  passed  to  the  guidance  loops.  The 
guidance  loops,  in  turn,  modify  their  gains 
when  the  inner-loop  becomes  degraded  so  as 
to  reduce  the  demands  on  the  inner-loop  and 
maintain  stability. 

7  CONCLUSIONS 

In  this  work,  an  inner-loop  control  law  was 
designed  for  a  modified  version  of  the  X-40A 
Reusable  Launch  Vehicle.  The  control  law 
utilized  a  dynamic  inversion  controller  and 
a  linear  programming  based  control  alloca¬ 
tion  algorithm.  To  shape  the  closed-loop  dy¬ 
namic  response,  an  explicit  model  following 
prefilter  was  designed.  Nominally,  the  inner- 
loop  was  designed  to  display  a  first-order  lag 
type  response.  However,  in  the  presence  of 
axis  saturation,  inner-loop  bandwidth  is  de¬ 
creased  so  that  the  demands  on  the  actua¬ 
tors  are  reduced.  A  complete  description  of 
the  guidance  adaptation  can  be  found  in  the 
companion  paper.7 
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Figure  5:  Roll,  Pitch,  and  Yaw  Rates  vs.  Downrange,  Right  Rudder  =  Left  Rudder  =  0°. 
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